ABSTRACT The dynamic mechanism of water droplet formation has recently drawn considerable attention in research and application toward silicon rubber composite insulators. This paper is aimed at numerical simulations and experiments on the dynamic mechanism of water droplet formation with different applied voltages and droplet distribution and induced surface discharges on the insulator surface under the impact of AC electric field. The computational fluid dynamics model and experimental setup of multiple droplets were established to analyze the dynamic behavior of droplets and flashover characteristics. The obtained results reveal that the fusion first occurs between larger size droplets and the fusion is hard to happen along with the rise of the fractal dimension (FD) of droplet distribution. The elongation of droplets merges with more droplets and finally affects the electric field distribution on the insulator surface. With the increase of FD, the maximum electric field intensity shows an increasing tendency. Meanwhile, the experimental results show that with the increase of electric field intensity, the droplet fusion phenomenon becomes more obvious, which is consistent with the simulation results. The flashover voltage on the surface of silicon rubber decreases with the decrease of the FD of droplets, indicating that the complexity of droplet distribution has a significant effect on the flashover voltage.
I. INTRODUCTION
As is generally known, silicone rubber (SiR) composite insulators have been widely used for their excellent insulation performance, hydrophobicity and bear pollution flashover properties in coastal power grid in China [1] . Many researches have been published on the spreading behaviors of droplet under different conditions [2] , [3] . These investigations can be mainly divided into two categories: one concerns the dynamic mechanism of single water droplet distortion and breakup under different conditions, such as droplet static parameter and external environment; the other is the binary droplets coalescence under the effect of electric field and other factors. Both have respectively established experimental and simulation model to investigate the water droplet elongation and coalescence under different conditions [4] , [5] . Such as electric field intensity, voltage shape, droplet viscosity and size, conductivity. However, it has not formed a complete systematic investigation about spreading characteristics and surface discharges on SiR composites under the condition of increasing the water droplet quantity from single to multiple discrete water droplets due to the complexity of dynamic mechanism of water droplets elongation and surface discharges. Therefore, it is a source of increasing interest from both academics and utilities to investigate dynamic characteristics of water droplet and induced surface discharges on SiR Composites [6] , [7] .
As pointed in earlier investigates [8] , [9] , the elongation of water droplet is related to the interaction between the electric field (E-field) and hydrodynamic stresses undergo. M. H. Nazemi et al have investigated the elongation behavior of water droplet on the insulator surface at different voltage shapes (AC, DC and combined AC-DC voltages). The water droplet elongates towards different electrodes at different voltage shapes, which affects the partial discharge inception E-field intensity [10] . A. Beroual et al have investigated the coalescence of water droplet on composite insulator surface under DC electric field. Based on the simulation analysis and experimental study, the coalescence behavior of these water droplets depends on their size, conductivity and location [11] . Li et al have performed the investigation of the electric field driven self-propelled motion of water droplets on a super-hydrophobic surface. Based on three different insulating materials (glass sample, silicone sample, super-hydrophobic sample) with distinctly different wetting properties, the behavior of water droplet is measured in an oscillating electric field by experimental and simulation methods [12] . Therefore, moisture is an important environmental factor affecting the insulation reliability of silicone rubber composite insulator in power system. The discrete water droplet can enhance electric field intensity on the insulator surface. The partial discharge may occur at triple junction of the water droplet, air and insulating material, which can accelerate degradation and aging of the insulator. Therefore, the investigation about the dynamic spreading behavior of multiple water droplets is great of importance [13] - [16] .
In this paper, the dynamic process of water droplet elongation and change of flashover voltage are analyzed by using COMSOL Multiphysics software and experimental method. Effects of the electric field intensity and water droplet distribution on the water droplet elongation and flashover voltage are obtained, which is beneficial to further understand pollution flashover mechanisms of polymer insulators in coastal power grid.
II. SIMULATION MODEL AND METHOD
A. SIMULATION MODEL Figure 1 shows the simulation model of water droplet in twodimensional space, which is designed in form of simplified model of silicone rubber insulator surface. The dimension of simulation model is 20 mm × 10 mm. The randomly multiple water droplets generated by COMSOL Multiphysics 5.3 with MATLAB are placed on the surface of the composite insulator and are surrounded by the air. A sinusoidal alternating voltage with a frequency of 50 Hz is applied across the sample to form a homogeneous electric field on the surface of the insulator. In order to make the electric field strength of the SiR surface 15 kV/cm, the ground electrode and the high voltage electrode are respectively applied to the left and right sides of the sample. The specific values of the dielectric parameters of water and air selected in the simulation are shown in TABLE 1. Figure 2 shows that the quantity statistics of random droplet distribution. There are 145 water droplets in the random distribution map, of which the maximum radius is 2 mm. As shown in this figure, the number of small size water droplet is 138, which accounts for the vast majority of droplets distribution. The droplet distribution follows the random principle owing to the droplet radium ratio of adjacent generations is 1.25. The result shows that the simulation result of random droplet distribution produced by COMSOL with MATLAB is in very good agreement with experimental result represented by Burnside and Hadi [17] and Wu et al. [18] .
B. SIMULATION METHOD
In order to study dynamic elongation characteristics of droplets under AC electric field, the droplet model under AC electric field is established using the phase field method based on Cahn-Hilliard formulation. In electro hydrodynamic, as the dynamic current is small and can be ignored. The electric field intensity E is irrotational ( × E = 0), and the charge conservation equation is given by the following:
where J= κE+jωε 0 ε r E; J is the current density; κ is the fluid conductivity; ε 0 is the permittivity of the vacuum; and ε r is the relative dielectric constant. The Gauss law can be written (D = ε 0 ε r E) in a dielectric material, and the electric field intensity is given by the gradient of a potential function:
The interface between the water droplet and the air is a free surface that can be deformed by the Lorentz force. The electric field force tends to elongate the water droplet and is opposed by the surface tension which tends to bring back the water droplet to its equilibrium state. Due to the water droplet is a compressible fluid, the two-phase flow problem is governed by the equation of momentum and mass conservation, namely the Navier-Stokes (NS) equations, which can be expressed as follows:
where ρ denotes the fluid density; u is the velocity vector of the fluid; µ is the dynamic viscosity; F is the electric field force; F st is the surface tension force; g is the acceleration of gravity. The electric force vector F is given by the divergence of the Maxwell stress tensor T
The Maxwell stress tensor is given by
The simulation model is discretized by fixed grid. Phase field method is used to capture the interfacial motion, which can be expressed as follows:
where χ is mobility and the variable G can be expressed as:
As a source of Eq. (4), the relationship between interfacial tension vector (F st ) and G is shown as Eq. (9).
III. SIMULATION RESULT AND DISCUSSION

A. THE DYNAMIC BEHAVIOR OF WATER DROPLET
For better understanding the dynamic behavior of multiple water droplets on SiR surface, the model of randomly multiple droplets, which is generated by COMSOL Multiphysics with MATLAB, is investigated by changing the radius ratio of water droplets. The droplet distribution is random and irregular on the insulator surface. Hence, fractal dimension is used to extract and identify characteristics of droplet distribution based on the fractal geometry. Sarkar and Chaudhuri proposed a Differential Box-Counting (DBC) method to calculate fractal dimension of droplet distribution image [19] - [21] .
If N is the number of boxes that cover the pattern, r is the box size, the fractal dimension (FD) is given by: As shown in the Figure 3 , original image ( Figure 3(a) ) is converted to gray scale and then edge detector is applied to the gray-scale image (Figure 3(b) ). The fractal dimension is calculated by counting the white pixels of defined radius circle. The slope of fitting line is the FD of droplet size and quantity describing the distribution characteristics of the investigated images as shown in the Figure 3(c) . Figure 4 shows the dynamic behavior of multiple droplets at different lapse time under AC E-field intensity (15 kV/cm). Figure 4 (I) is the general distribution of dynamic behavior, and figure 4(II) is the local magnification of different positions. With the increase of lapse time, water droplets moved and fused under the influence of AC E-field. When the distances of random droplets were same, droplet fusion occurred firstly between large droplets and small droplets along the E-field direction, as shown in the Figure 4 (a) at 5 ms. During the fusion, there was a phenomenon that small water droplets were dragged to the side of the large water droplets. As the difference in the size of the water droplets increases, the dragging phenomenon becomes more obvious (Figure 4(c) and 4(d) ). Due to the slow spreading process of large droplets, the fusion time between large droplets is longer than that between large droplets and small droplets. Figure 5 shows that the dynamic behavior of multiple droplets under different AC E-field intensity. With the increase of applied voltage, the fusion speed and elongation VOLUME 7, 2019 shows an increasing tendency. The fused droplets are elongated again and finally reach a stable state under effects of E-field force. The fusion phenomenon of the droplets on the high voltage side is more obvious than that of the droplets on the low voltage side. This is mainly because the E-field force plays a promoting role in the dynamic behavior of droplet, and it shows an increasing tendency with the increase of droplet size. Therefore, the electric field force is one of the important factors affecting the elongation and fusion of droplets. Figure 6 shows that the dynamic behavior of multiple droplets under different FD when applied voltage is 15 kV/cm. A larger value of FD indicates that the water droplets are distributed more complexly and irregularly, while a smaller value reflects a more regular distribution. As the fractal dimension of multiple droplets increases, the fusion speed shows a declining trend. This is mainly because with the increase of the dispersed phase droplet density, the stronger the molecular force acts between the dispersed phase droplet, which can effectively restrict the elongation and fusion of droplets. With the increase of fractal dimension, the complexity and irregularity of droplet distribution increase significantly, which makes the fusion more difficult between different droplets. Figure 7 shows that the E-field distribution under the condition of uniform water droplets. As shown in the figure, the maximum E-field intensity on the surface of water droplets is at the junction point of surface. The internal E-field value of water droplet is approaching 0, resulting that the whole droplet can be regarded as an equipotential body. That is because the permittivity of water droplet is much larger than that of air. The droplets on the surface of the dielectric cause the electric field distribution to be distorted, resulting that the equipotential lines are densely distributed around the droplets. Figure 8 shows that the E-field distribution under the condition of random water droplets. It is seen that the maximum E-field intensity on the sample surface is generated between the different size droplets. With the increase of irregular distribution of droplets, the electric field intensity around droplets tends to increase. That is because irregular droplets increase the complexity of the electric field, which distorts the electric field around the droplets. The distortion of E-field sharply increases near the two electrodes resulting in the occurrence of partial discharge on the insulating surface. Figure 9 shows that the relationship between maximum E-field intensity and fractal distribution using the fitting of logistic function. With the increase of fractal distribution, the maximum E-field intensity shows an increasing tendency with the increased speed basically keeping constant. It is considered that the increasing non-uniform distribution of droplets on the insulator surface can induce an easier occurrence of surface discharge. It is mainly because the different distributions have an effective influence on the homogeneity of E-field distribution along the specimen surface and even causing partial discharge may occur at the triple junction of the water droplet, air and the insulating materials, where the E-field reaches critical strength of air breakdown. As a result, the propagation of surface discharges will connect the partial discharge arcs to cause a flashover. Figure 10 shows that the schematic diagram of experimental setup. The sample is the slice removing from SiR insulator with the dimensions of 65 mm×30 mm×5 mm, which is horizontally put on an insulation test-bed. The electrode on the surface of the dielectric is plate-plate electrode with a length of 23 mm. The plate-plate electrode is set with the parallel distance of 43 mm. The left plate electrode is connected to the high voltage (frequency 50 Hz) via a protection resistor, and the right plate electrode is connected to the ground. The experiment is conducted in a closed salt-fog chamber with dimensions of 1200 mm × 640 mm × 1125 mm. The temperature and humidity (relative humidity) of the experiment environment were respectively set at 24.8 • C and 65%.
B. THE ELECTRIC FIELD DISTRIBUTION CHARACTERISTICS
IV. EXPERIMENTAL SETUP AND RESULT
A. EXPERIMENT FACILITIES AND PROCEDURE
The experiment is aimed to investigate the dynamic behavior and flashover voltage of multiple droplets. The ultrasonic fog generator can produce multiple water droplets by controlling lapse time. Droplets with different sizes are condensed on the surface of sample by controlling setting time. The conductivity of the droplet generated by the ultrasonic fog generator is 2×10 −4 S/m, which is adjusted by adding NaCl to the deionized water. After experimental setup is powered, the applied voltage is homogenously increased in small steps of about 3kV by controlling voltage regulator, and each voltage grade withstands 2 minutes. The dynamic behavior of water droplets under effects of AC E-field is capture by a high-speed camera with 1000 frames per second. When the flashover discharge is occurred on the insulator surface, the process of droplet discharge and droplet movement is recorded. The applied voltages at which surface discharge and flashover occurred were measured and defined as the onset voltage of surface discharge and the flashover voltage [22] - [25] . Figure 11 shows the dynamic behavior of water droplets under effects of different applied voltage. From these figures, we can see that partial water droplets produce fusion between adjacent droplets. When the peak value of applied voltage is less than 6 kV, water droplets have not obvious changes and only oscillate periodically on the insulator surface. With the increase of applied voltage, the electric field force of water droplet overcomes surface tension to make water droplets elongate along the direction of electric field and fuse between adjacent droplets. Finally, the dynamic behavior of water droplet results in discharges or even flashover discharges on the insulator surface.
B. EXPERIMENTAL RESULTS OF MULTIPLE DROPLETS
The development process of flashover of the insulator surface after applying a uniformly increasing voltage is shown in Figure 12 . In this paper, the droplets dynamic behavior and the flashover development process are divided into the following six stages: (a) Due to the excellent hydrophobicity of the SiR composite, the diameter of droplet was relatively small. The droplets adhered to the insulator surface at a large contact angle so that no continuous water strips were VOLUME 7, 2019 FIGURE 12. Flashover process of multiple droplets on silicone rubber surface. formed between each other. (b) The droplets extended under the influence of the electric field force, causing the adjacent droplets to form a larger-sized droplet. (c) The droplets on the surface of the insulator caused the distortion of the electric field. After the electric field intensity reached the breakdown strength of air, a lavender arc appeared near the high voltage electrode. (d) As the electric field intensity increase, a more severe partial discharge occurred near the high voltage electrode, resulting in a brighter purple arc. (e) The droplets were extended by the increasing electric field force, leading that the droplets between the two electrodes formed a troughwater strip. Meanwhile, blue arcs appeared near the high voltage electrode and low voltage electrode. (f) As the area of the drying zone increases and the arc develops, the arc directly penetrates the two electrodes, forming a flashover of the insulator surface. Figure 13 shows that the relationship between flashover voltage and fractal distribution using the fitting of logistic function. As shown in this figure, there is a negative relationship between flashover voltage and fractal distribution. It is considered that when more droplets are condensed on the insulator surface and form the discrete conductive layer.
The decrease in the dry-area will sustain more electrical energy, the E-field intensity at the triple of the water droplet, air and insulating materials and the air can be easily raised to the breakdown intensity of air. The arc discharge will occur in the dry bands among the layer or between the layer and the electrode. The FD value varies from 1.0 to 1.4 and shows an increasing tendency with the enhancement of lapse time, which indicates that the surface discharge becomes more complicated and irregular.
V. CONCLUSION
This paper focused on the experiment and simulation investigation on the dynamic mechanism of droplets under different conditions of E-field intensity and water droplet distribution, and induced surface discharge on SiR Composites. The main conclusions are as follows:
1) The electric field driving the elongation of water droplets on the silicone rubber insulator surface under an applied AC electric field is confirmed to be the result of the combined the electric field force and surface tension acting on water droplets.
2) The value of E-field intensity and droplet distribution have significant effects on the dynamic behavior of droplet elongation and fusion. With the increase of E-field intensity, the fusion and elongation speed show an increasing tendency. As the fractal dimension of droplets increases, droplet fusion becomes more and more difficult.
3) As the fractal dimension of the droplet increases, the maximum electric field strength around the droplet shows an increasing trend, resulting that the partial discharge easily occurs.
4) The experimental results reveal that dynamic behavior and flashover characteristics are related to electric field intensity and FD of droplets size distribution. 
